ABSTRACT: Nonwoven geotextiles are commonly used in filtration applications. For some applications, however, a nonwoven geotextile filter may not have the required mechanical properties to withstand deformations, and an additional woven geotextile is usually employed in design. While reinforcement is an important function expected from these two-layer geotextile systems, filtration is another function that is critical for the long-term performance. Recent observations in geotextile filter design suggested that the filtration characteristics of these systems can be highly different than those of single-layer systems. A laboratory test program was undertaken to evaluate the filtration performance of four different woven/nonwoven geotextile combinations with fly ash and bottom-sea dredged sediments. For comparison, these geomaterials were also tested with two single-woven geotextiles. The results indicated that both fly ash and dredged sediments could be successfully filtered by a variety of woven geotextiles and nonwoven/woven combinations. Results also showed that use of a two-layer geotextile system, rather than a single-woven geotextile, significantly increased the filtration capacity. Higher amounts of fines accumulated at the sediment-geotextile interface than the fly ash-geotextile interfaces, indicating that geotextiles are more prone to clogging during filtering dredged sediments.
Introduction
Filtration continues to be one of the most important issues in the design of geotechnical and geoenvironmental projects. Proper selection of geotextile filters plays a key role in achieving satisfactory filtration performance. The purpose of a geotextile filter in civil engineering applications is to allow water to pass while maintaining stability of the soil structure by preventing migration. Traditionally, a nonwoven type geotextile is preferred in filtration applications. However, a nonwoven geotextile filter may not have the required mechanical properties to withstand deformations in some geotechnical applications (Giroud et al. 1998) . In applications such as capping of waste materials and dewatering of high water content geomaterials via geotextile containers, an additional woven geotextile is usually employed in design, which provides the necessary mechanical properties (i.e., reinforcement) (Fowler et al. 1996; Leshchinsky et al. 1996; Pilarczyk 2000; Aydilek and Edil 2002) . In addition to its mechanical properties, the woven geotextile decreases the strains exerted on the nonwoven one and, therefore, prevents possible changes in its pore opening size distribution (Fourie 1999) .
While reinforcement is an important function expected from a two-layer geotextile system for providing a good construction platform during capping applications or sufficient strength during container filling, filtration is another function that is critical for the long-term performance and is addressed in this paper. Clogging becomes especially important in these applications, since the physical nature of fine-grained geomaterials that are in contact with a two-layer geotextile system usually promotes clogging. In order to enhance the anticlogging performance during consolidation and other fluid movement, hydraulic properties of the two-layer geotextile system should be satisfactory. Various studies have been conducted to analyze the filtration performance of single-nonwoven or woven geotextiles with various geomaterials (Wayne and Koerner 1993; Fannin et al. 1994; Gabr and Akram 1996; Akram and Gabr 1997; Bhatia et al. 1998; Fischer et al. 1999; Aydilek and Edil 2002; Aydilek and Edil 2003) ; however, lack of information exists about the filtration performance of two-layer systems. Recent advancements in geotextile filter design suggested that the filtration characteristics of these systems can be highly different than those of single-layer systems (Giroud 1996; Giroud et al. 1998; Mlynarek 1998; Delmas et al. 2000) .
The objective of this study is to investigate the filtration capacity of two-layer geotextile filter systems with two different geomaterials. To meet this objective, a testing program that included gradient ratio tests was implemented. Various woven geotextiles and woven/nonwoven geotextile combinations were tested with fly ash and bottom-sea dredged sediments as part of the program.
Materials

Geomaterials
Two different geomaterials were used in the study: A cohesionless coal fly ash and cohesive bottom-sea dredged sediments. These materials were selected because previous research indicated that they are commonly in contact with geotextiles in various geotechnical applications (Fowler et al. 1996; Kutay and Aydilek 2003) . Additionally, they are fine-grained geomaterials that have the high potential to clog geotextile filters. The Class F fly ash used in the study was obtained from Brandon Shores Facility of Baltimore Gas and Electric Company in Maryland. The water content of the material was 30 %, and it was odor-free. The specific gravity of the material was 2.2. The optimum moisture content and maximum dry density of the material were determined as 25 % and 12.8 kN/m 3 , respectively, by using the procedures outlined in ASTM D 1557. The material was classified as ML according to the Unified Soil Classification System (USCS) and had a coefficient of uniformity of 12.
Dredged sediments used in the study were obtained from Tolchester Channel located in Baltimore Harbor, Maryland. The material was black in color and had some odor. The specific gravity of the solid phase was 2.6, and the coefficient of uniformity (C u ) was 11.7. Liquid and plastic limits were measured as 85 and 50, respectively. The material was classified as CH according to the Unified Soil Classification System (USCS). Particle size analyses indicated that 85 % of the fly ash and 95 % of the dredged sediments passed the No. 200 (0.075 mm) U.S. standard sieve size.
Geotextiles
Four nonwoven and two woven geotextiles were used in the study. The physical and hydraulic properties of the geotextiles are presented in Table 1 . Different combinations (nonwoven and woven) of these geotextiles were employed in the testing program to evaluate the efficiency of two-layer geotextile filters. The geotextiles were selected from the ones most often used in filter applications and had a wide range of apparent opening size (AOS or O 95 ) and permittivity (ψ) values. During the selection of woven geotextiles, physical properties (e.g., wide width tensile strength) were also considered. All two-layer systems included the geotextile W5, since this geotextile is commonly used by design engineers in various applications (e.g., geotextile containers).
Methods and Analysis
Long-term filtration tests were conducted in this study using the gradient ratio test method standardized by ASTM International (ASTM D 5101) to determine the filtration performance of geomaterials with geotextile combinations. The same long-term tests were also conducted on single-woven geotextiles in order to show the effectiveness of two-layer geotextile systems. As mentioned in the ASTM D 5101, the test apparatus consists of a rigid wall permeameter, inflow constant head device, outflow constant head device, and a manometer board. Manometer ports in the permeameter are necessary to measure the total heads at various locations in a specimen. Contrary to the 24-h procedure prescribed in D 5101, the tests in this study were continued for more than 6 months to understand the long-term clogging performance of two-layer geotextile systems. Hydraulic gradients of 1.5, 3, 6, and 8 were used in the tests. In all tests, a fully automated water deairing system built at the University of Maryland continuously supplied the test water. The dissolved oxygen content of the water was regularly checked and maintained between 3.5 and 4 mg/L, less than a limit of 6 mg/L set by the ASTM D 5101. Preliminary analyses indicated that biological growth occurred due to presence of microorganisms in the tap water, which decreased the hydraulic conductivities and led to erroneous measurements. To prevent this, deaired water was regularly treated with slowly dissolving chlorine tablets. Detailed description of the deairing system used in the study is provided by Aydilek and Kutay (2004) .
Two different clogging ratios were used for the analysis of gradient ratio test results: gradient ratio (GR) and permeability ratio (K R ). ASTM D 5101 defines gradient ratio (GR) as the ratio of hydraulic gradient in the contact zone to hydraulic gradient in the soil, whereas K R is defined herein as the ratio of the stabilized hydraulic conductivity of the soil to the stabilized system hydraulic conductivity:
where i soil−GT is the hydraulic gradient in the contact zone and i soil is the hydraulic gradient in the soil. The k soil and k system are the hydraulic conductivities in the soil and the entire system, respectively. The hydraulic conductivity of the entire system, k system , is determined using the applied hydraulic gradient on the soilgeotextile system (i.e., 1.5, 3, 6, and 8). For k soil calculations, i soil values were calculated using the readings registered by manometers located 25 mm and 75 mm from the top of the middle section of the permeameter. For both of the hydraulic conductivities (i.e., k soil and k system ), stabilized flow rates were used (determined by taking the average of the last five stabilized values for each test).
As explained in Aydilek and Edil (2002) , K R may provide a clearer definition of clogging in case of fine-grained soils and K R = 3 is set as the limit for acceptable clogging of fly ash-geotextile and dredged sediment-geotextile systems.
Results of Tests with Fly Ash
Analysis of the Clogging Behavior
The values of GR and K R for the fly ash-geotextile systems exposed to filtration in the laboratory study are given in Table 2 . A review of the data shows that two of the geotextiles tested with fly ash would be considered clogged based on the criterion that sets a GR of 1 as the limit; however, none of them would be considered clogged when the U.S Army Corps of Engineers' limit of 3 is used (Haliburton and Wood 1982) . Analysis of the K R ratios, which are based on the measured hydraulic conductivities at different locations in the soil, does not support these conclusions since the ratios are lower than 3. The comparison of data for W5 and its combinations in Table 2 shows that the two clogging ratios benefit from the presence of a nonwoven geotextile. Three of the combinations (W5/NW1, W5/NW2, W5/NW3) exhibited lower GR and K R values, as compared to those for single-woven W5. An exception was combination W5/NW4. This combination includes a nonwoven heat-bonded geotextile compound, which is occasionally not successful in filtration applications (Haliburton and Wood 1982; Christopher 2001; Aydilek and Edil 2003) .
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FIG. 1-Temporal characteristics of gradient ratio and hydraulic conductivity in various fly ash-geotextile systems.
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A clear-cut trend was not observed when the two clogging ratios were plotted versus permittivity or AOS (O 95 ) of the geotextile in contact with the geomaterial (not shown herein). This is somewhat inconsistent with the findings of Faure et al. (2000) , Krug et al. (2000) , and Aydilek and Edil (2003) who indicated that permittivity is the main pore structure parameter affecting the clogging performance of nonwoven geotextiles. However, it should be emphasized that the previous studies analyzed singlenonwoven geotextile filters, and the observed inconsistency in this research program is attributed to the presence of a woven geotextile (i.e., W5), which may have played some role in filtration even though its selection was mainly based on its physical properties. Figure 1 presents the temporal characteristics of gradient ratio and system hydraulic conductivity in fly ash-geotextile systems. The time required for stabilization of flow under each hydraulic gradient ranged from 300 to 1200 h. Similarly, Gabr and Akram (1996) , and Aydilek and Edil (2003) indicated that a 24-h procedure stated in the ASTM D 5101 is not sufficient, and long-term testing is required. As seen in Figs. 1a and 1b, for instance, three distinct flow patterns can be observed for fly ash tested with W1, similar to a behavior described by Gabr and Akram (1996) . A piping pattern is observed at i = 1.5. At this stage, the hydraulic conductivity increases from 1.5 ×10 −6 m/s to about 2.4×10 −6 m/s, and GR decreases from 1.55 to 0.9. A blocking/blinding pattern is observed at i = 3. The hydraulic conductivity decreases slightly from 2.4 × 10 −6 m/s to 2 × 10 −6 m/s and is accompanied by an increase in the gradient ratio from 0.9 to 1.15. A mixed behavior is observed at hydraulic gradients 6 and 8, after which steady state flow occurs. Rollin et al. (1985) observed similar flow patterns during long-term filtration tests and classified them into three distinct groups. Each group was defined by the following criteria:
1. Normal behavior where soil particles move through geotextile increasing the density of the soil just above the geotextile thus reducing permeability; 2. Piping behavior, occurs after some normal behavior, where fine soil particles pipe through the geotextile resulting in an increase in permeability; 3. Mixed behavior where piping is followed by a filter cake formation at the soil geotextile interface.
Temporal variations in the hydraulic conductivity at different depths in the permeameter cell are plotted in Fig. 2 . The figures show that for most of the geotextiles, at low hydraulic gradients (i.e., i = 1.5 and 3), the hydraulic conductivities of the upper layer and middle layer are comparable. An exception to that is combination W5/NW4, in which the hydraulic conductivity of its upper layer fluctuates significantly. This may be due to formation of a blinding zone due to fine accumulation in the upper layer, which possibly occurred during the placement of the fly ash before testing. Herein, the lower and middle layers are referred to as the soil-geotextile interface zone and soil layer in the mid-section of the permeameter, respectively. When the hydraulic gradient is increased to 6, an increase in hydraulic conductivity of the upper layer and a decrease in hydraulic conductivity of the middle layer are observed in most tests. This can be attributed to the migration of fine particles from the upper layer into the middle layer due to application of a relatively high hydraulic gradient. However, at the final hydraulic gradient (i = 8), the hydraulic conductivities of both layers stabilized.
Figure 2 also shows that hydraulic conductivities of the lower layers (i.e., fly ash-geotextile interface) of all geotextiles remains less than the middle and upper layers at all times, mainly due to the formation of less permeable filter cake above the geotextile, which is also consistent with the findings of Gabr and Akram (1996) and Aydilek and Edil (2002) . For all tests, the hydraulic conductivity of the lower layer increases slightly during the application of the first hydraulic gradient (i = 1.5). This slight increase in hydraulic conductivity is attributed to the possible piping of fine particles through the geotextile. At higher gradients, the formation of a filter 6 GEOTECHNICAL TESTING JOURNAL
FIG. 2-(Continued).
cake prevented any further piping, and so the hydraulic conductivity of this layer remained nearly constant.
Effect of Hydraulic Gradient on Clogging
Stabilized values of the gradient ratio, permeability ratio, and system hydraulic conductivity are plotted versus each applied hydraulic gradient in Fig. 3 . The figure shows that the gradient ratio stays in a narrow range between 0.7 and 1.4 for all tests. The change in GR is minimal in case of W5, and the GR values decrease slightly as the hydraulic gradient is increased for the combinations (an exception to that was the combination including a heat-bonded geotextile, W5/NW4).
The effect of an increase of the hydraulic gradient seems to be more clearly pronounced on the K R values. Similarly, the hydraulic conductivity decreases to about one half of its initial value when the hydraulic gradient is increased from 1 to 8. As it is seen from the figure, the GR values are highly comparable with the K R . Both of the ratios are lower than the limit of 3, indicating that the geotextile did not have a significant effect on the flow regime of the overall system.
FIG. 3-The effect of hydraulic gradient on (a) gradient ratio, (b) permeability ratio, and (c) system hydraulic conductivity of geotextiles exposed to filtration with fly ash.
Analysis of the Retention Behavior
Gradient ratio tests provided valuable information about retention performance of the geotextiles, since the material that piped through was continually monitored. The amount of piped soil was about 0.1 g in all cases, corresponding to a piping rate of 12 g/m 2 . This was significantly lower than 2500 g/m 2 , a value generally used as an internal stability limit for granular and geotextile filters (Lafleur et al. 1989; Bhatia et al. 1998 ). The agreement was also good with the findings of Gabr and Akram (1996) that the piped amount of fly ash through geotextiles is insignificant. It is believed that the formation of a thin filter cake at the fly ash-geotextile interface contributed to the retention performance. However, attempts made to measure the thickness of filter cakes indicated that the thickness was too thin to measure.
In order to further investigate the formation of a filter cake, postgradient ratio test sieve analyses were performed on the fly ash samples taken from different depths in the permeameters, and they were compared with the grain size distribution (GSD) of the fly ash determined prior to testing. Two plots that show the GSDs of the fly ash samples collected from different depths inside the permeameter are given in Fig. 4 for demonstration purposes. For W5, the GSD of the fly ash-geotextile interface (94-100 mm) shifted to the right as compared to the GSD of the virgin material, suggesting that accumulation of soil fines has occurred at the interface. On the other hand, this shift was less pronounced for the combination W5/NW2. These deviations are also supported by the k system /k lower ratios of these two geotextiles calculated at their final hydraulic gradient (i = 8) (Fig. 2) . The calculated k system /k lower ratio for W5 is 2.63, which indicates that the hydraulic conductivity of the lower layer is approximately three times lower than that of the entire system. The ratio for the W5/NW2 combination is 1.75. It is well known that excessive fine accumulation at the interface may prevent piping of excessive fines from the geotextile filter; however, it may also promote the clogging of the geotextile in the long-term by introducing a blinding zone at the soil-geotextile interface. These observations support the fact that presence of a nonwoven geotextile in a two-layer filter system minimizes the development of fine accumulation at the soil-geotextile interface.
Results of Tests with Dredged Sediments
Analysis of the Clogging Behavior
The stabilized values of GR, K R , and system hydraulic conductivity for each dredged sediment-geotextile system is summarized Notes: GR = gradient ratio; K R = permeability ratio; k system = system hydraulic conductivity; NA = Not analyzed.
in Table 3 . As seen in the table, GR values are generally higher than a limit of 1, suggesting that the geotextiles or combinations clogged. On the other hand, the K R ratios are lower than 3, which implied that the geotextile did not significantly affect the permeability of the system. A review of the data in Table 3 also shows that only one of the geotextiles (W5) would be considered clogged under a hydraulic gradient of 6 when the U.S Army Corps of Engineers' GR limit of 3 is used. These observations indicate that the geotextiles or combinations usually did not have a significant effect on the flow regime of the overall system. Attempts to relate the two clogging ratios to permittivity and AOS (O 95 ) of the geotextile in contact with the geomaterial indicated that a significant relationship did not exist between these variables (Kutay and Aydilek 2003) .
As seen in Table 3 , the GR and K R are relatively lower for combinations as compared to those obtained for single-woven geotextile W5, when the end-of-testing conditions are considered (i.e., i = 6 for all geotextiles and combinations). This clearly shows the benefit of using a nonwoven geotextile, which reduces the seepage pressures at the soil-geotextile interface and, in turn, lowers the ratios.
For all tests, the gradient ratio stayed almost constant during the first 300 h, (not shown herein) ranging from 1.2 to 1.5. After that time, similar to fly ash-geotextile systems, two distinct phases were observed: blocking/blinding and a mixed pattern. A continuous piping phenomenon (i.e., decreasing GR and increasing system hydraulic conductivity with time) was not observed in testing of dredged sediments. Figure 5 demonstrate these two phases. For instance, a blocking/blinding pattern is observed for the combination W5/NW1 under the initial hydraulic gradient (i.e., i = 1.5). At this stage, the hydraulic conductivity decreases from 7 × 10 −8 m/s to 2 × 10 −8 m/s and is accompanied by an increase in gradient ratio from 1.0 to 1.33. A mixed behavior is observed at i = 3 and i = 6. At the hydraulic gradient of 3 (between 1200 and 2000 h), GR increases slightly from 1.33 to 1.56 and the hydraulic conductivity increases from 2 × 10 −8 m/s to 7.9 × 10 −8 m/s. When the hydraulic gradient is increased to 6 after 2000 h of flow, the GR rapidly increases to about 2.5 and stays at that value; however, the hydraulic conductivity did not change significantly. The temporal characteristics of GR and hydraulic conductivity for all geotextiles and combinations tested with dredged sediments are provided by Kutay and Aydilek (2003) . Figure 6 presents the hydraulic conductivities measured at different depths in the gradient ratio test permeameter. At low hydraulic gradients (i.e., i = 1.5 and 3), the hydraulic conductivities of the upper and middle layers are comparable for most combinations. An exception to that is the combination W5/NW1. This is attributed to material heterogeneity in the upper layer, which might have occurred during the placement of the sediments before testing. After the hydraulic gradient is increased to 6, the hydraulic conductivity of the upper layer increased slightly for combinations W5/NW4 and W5/NW3. This may be attributed to migration of fine particles from the upper layer into the middle layer due to application of a relatively high hydraulic gradient. Figure 6 also shows that fluctuations in hydraulic conductivities are more clearly pronounced in single-woven geotextile W5 than its combinations with various nonwoven geotextiles, again showing the advantage of using nonwoven geotextile in a two-layer filter system.
The comparison of Figs. 2 and 6 indicates that hydraulic conductivities of all three layers fluctuated more in testing of the dredged sediments than that of fly ash. As mentioned before, this may be due to relatively higher fines content of the dredged sediments. It is believed that higher fines content promoted the passage of fines within the layers and caused these fluctuations before ultimate stabilization. Furthermore, the ratio of k middle /k lower is higher for dredged sediments than fly ash (i.e., up to 3.8 versus 8.6), which indicated higher level of clogging for dredged sediments due to accumulation of fines at the sediment-geotextile interface. These observations were also supported through the clogging ratios provided in Tables 2 and 3 .
Stabilized values of the gradient ratio, permeability ratio, and system hydraulic conductivity are plotted versus each applied hydraulic gradient in Fig. 7 . The GR and K R values range from 1.2 to 4.2, and from 1.0 to 2.0, respectively. Clear-cut trends cannot be observed between the two ratios and hydraulic gradient. Similarly, a trend is not evident between the system hydraulic conductivity and applied hydraulic gradient, probably because of the accumulation of fines at the sediment-geotextile interface, which may have affected the system hydraulic conductivities.
Analysis of the Retention Behavior
Retention performance of geotextiles was investigated by collecting the piped sediments in gradient ratio tests. The amount was about 0.1 g in all cases, corresponding to a piping rate of 12 g/m 2 , significantly less than the limit of 2500 g/m 2 . Similar to fly ashgeotextile systems, it is believed that a formation of thin filter cake contributed to the retention performance, even though the thickness of the cake was out of measurable limits.
Post-gradient ratio test sieve analyses were performed on the dredged sediment samples taken from different depths in the permeameters and they were compared with the grain size distribution (GSD) of the virgin sediments. Figure 8 is given as an example to demonstrate the changes in GSD for W5 and W5/NW4. For W5, the GSD of the sediment-geotextile interface (94-100 mm) shifted to the right as compared to the GSD of the virgin material, suggesting that fine accumulation has occurred at the interface. On the other hand, this shift is less pronounced for the combination W5/NW4. These deviations are also supported by the k system /k lower ratios of these two geotextiles at the final hydraulic gradient (i = 8). The calculated ratio for W5 is 3.6, whereas the same ratio for W5/NW4 combination is 2.6. Similar to the observations made in testing of fly ash, the results indicate that the presence of a nonwoven geotextile minimizes the development of fine accumulation at the dredged sediment-geotextile interface.
Conclusions
In some applications, a nonwoven geotextile filter may not have the required mechanical properties to withstand deformations, and an additional woven geotextile is usually employed in design. A battery of laboratory long-term gradient ratio tests was conducted to evaluate the filtration performance of four different woven/nonwoven geotextile combinations with fly ash and bottom sea dredged sediments. For comparison, these geomaterials were also tested with two single-woven geotextiles. The following conclusions are advanced as a result of the laboratory study:
1. Filtration characteristics of fly ash are different than those of dredged sediments. In general, higher GR and K R values are obtained for dredged sediments. Furthermore, higher amounts of fines accumulated at the sediment-geotextile interface than the fly ash-geotextile interfaces, indicating that geotextiles are more prone to clogging during filtering dredged sediments. The cohesive nature of dredged sediments and its relatively higher fines content results in more complicated filtration phenomena. 2. Fly ash and dredged sediments can be filtered with a variety of geotextiles or combinations; however, interpretation of the data should be made carefully. The gradient ratio, GR, as calculated does not necessarily reflect the actual clogging behavior for dredged sediments due to its high plasticity. Nevertheless, another clogging ratio, i.e., permeability ratio (K R ), allows a clearer definition of clogging. The permittivity ( ) and AOS did not correlate well to any of the clogging ratios. 3. The use of a two-layer nonwoven/woven geotextile rather than a single-woven geotextile significantly increased filtration performance of a geotextile container. Two-layer geotextile systems, in most cases, exhibited lower GR and K R values. This was the case for both cohesionless fly ash and cohesive dredged sediments. 4. The gradient ratio test (ASTM D 5101) has certain limitations when used within testing of fine-grained geomaterials, such as fly ash and dredged sediments. The 24-h time period recommended in D 5101 is usually not enough to achieve a steady hydraulic conductivity in testing fine-grained geomaterials, and the values obtained at 24 h could be misleading. Therefore, long-term tests should be performed until the stabilized gradient ratios and hydraulic conductivities are obtained.
